The ability to make object invisibility with a cloak that is fitted to all various shape objects is a long-term aim for investigating optical devices. Invisibility cloak with communication ability illustrated so far generally include a conformal elliptical structure hidden an object that has fixed size, so it is inconvenient for the different shape objects. We therefore seek a non-conformal elliptical complementary cloak with arbitrary axial ratio to solve this issue. The complementary cloak is an elliptical structure composed of three regions, which allows for exchange of information with the outside world without "anti-objects" that is difficult to define.
Introduction
Over the past decade, a controlling electromagnetic fields technology, like invisibility cloak [1, 2, 3, 4, 5] , has drawn extensive attention since it shows a broad application prospect for various industries. The first try to explore the idea of the invisibility cloak were Pendry et al. [1] , who used a new metamaterial to control and direct fields. Schurig et al. [2] proved the possibility of this notion using a planar waveguide apparatus, which allowed them to get a cylindrical cloak working at microwave frequencies. This study has inspired other different kind of devices including wave rotators [3, 8] , cylindrical cloak [4, 6, 7] , ground-plane cloak [9, 10, 11] , and arbitrary polygonal cloak [12, 13] . However, these studies about invisibility cloaks represent a closed region so that the hidden object inside the cloak cannot exchange of information with the outside world. This called for a new invisibility cloak, which is capable of communication. For example, Lai et al. [14] proposed an external cloak based on complementary media. This cloak can ensure that an object outside the cloak can communicate with the outside world while maintaining its invisibility performance. Yang et al. [15] proposed an external cloak with arbitrary section cross that can conceal butterflyshaped and elliptical shape object. Moreover, Shi et al. [16] investigated a three-dimensional (3D) external invisi-bility cloak with arbitrary shapes that combines complementary media and coordinate transformation. This method used the spherical coordinates to describe the shapes of the external cloaks, the proposed cloak has a finite and homogenous permittivity and permeability. Alongside of this, there are other type of external cloaks at recent years [17, 18, 19, 20] . However, realizing invisibility ability for external cloaks must depend on some "anti-objects" that parameters are fixed. In other words, "anti-objects" have to change when the permittivity and permeability of the hidden objects changes. Thus, this has led to a kind of reciprocal cloaks that do not need "anti-objects." At the same time, we note that most of the above studies focus on conformal cylindrical cloak [21] , conformal cloak for arbitrarily shape objects [22] , and conformal elliptical cylindrical reciprocal cloak [23] . Therefore, it is necessary to study a non-conformal elliptical cloak that can adjust flexibly its geometric size as some larger objects are possible to surpass the size of the cloaked region so that the scatter cross section of the hidden object becomes larger.
In this article, a non-conformal elliptical structure is applied to the complementary cloak, which is drawn upon complementary media and coordinate transformation. According to its material parameter distribution, artificial metamaterials may be used to fabricate this cloak. Unlike previous external cloak, we designed cloak do not need any "anti-objects", whist remaining a good invisibility performance and communication ability even if the material parameters of the hidden object change. In particular, a distinction from the above ellipse cloak is that use of a nonconformal structure with having six different axial ratios, which gives more flexibilities for the different shape objects. In addition, a smaller RCS value demonstrates the effectiveness of this approach for reducing the scatter of the hidden object, the proposed cloak has a similar invisibility performance with the conformal cloak, and an extended three-dimensional case also confirm further the validity of this design.
Design of complementary elliptical cloak
The whole design schematic is shown in Fig. 1 , which comprises three regions: a core region (region I) that the hidden object can be placed, a complementary media layer (region II), and a cloaking shell (region III). We notice that three ellipses from outside to inside have the different axial ratios k, which depicts a horizontal ellipse when k > 1, a vertical ellipse when k < 1, and a circle when k ¼ 1. In our work, the horizontal semi-axis lengths of the ellipse from outside to inside are k 1 a, k 3 b, and k 5 c, respectively. And An arbitrary point L in region I is expressed by coordinates ðx; y; zÞ, whose corresponding point M in region II by ðx 0 ; y 0 ; z 0 Þ, and point N in region III by ðx 00 ; y 00 ; z 00 Þ. Drawing upon the coordinate transformation theory, the main purpose of this design can be considered in two steps. First of all, region I is compressed into region II. Then, the entire region (regions I and II) is transformed into region III.
The transformation expression which compresses a core region into a complementary media layer is
where R 1 is the boundary of the inner ellipse, and R 2 is the boundary of the middle ellipse.
Using the mathematic equations for these two ellipses, R 1 and R 2 can be further expressed as
Drawing on the invariant form of Maxwell's equations for free space, we can obtain the coordinate in Cartesian coordinate system
The relative and permeability tensors of region II can be written as
in which A 0 is a Jacobian matrix. In this design, a core region is free space: " ¼ " 0 , ¼ 0 . Thus, the permittivity and permeability tensors of region II can be achieved as
where
Then, the transformation expression which transforms the entire region into the cloaking shell is
where R 3 is the boundary of the outer ellipse. Similarly, we can obtain the relative permittivity and permeability tensors of region III
Hence we can get
x 002 y 002 m 2 x 002 r þ n 2 y 002 r þ r 00
" 00 xy ¼ " 00 yx ¼ r 00 r þ m 2 x 002 m 2 x 00 y 00 þ n 2 x 00 y 00 n 2 y 002 þ r 00 r m 2 x 002 r þ n 2 y 002 r þ r 00
" 00 yy ¼ r 00 r þ n 2 y 002 2 þ m 2 x 002 y 002 m 2 x 002 r þ n 2 y 002 r þ r 00
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where We note that non-conformal cloak simplifies a simplest conformal cylindrical cloak when
the material parameters in region III are simplified as following " 00 xx ¼ r 00 r 00 À b þ b 2 À 2br 00 ðr 00 À bÞr 003 x 002 ; ð16Þ " 00 xy ¼ " 00 yx ¼ b 2 À 2br 00 ðr 00 À bÞr 003 x 00 y 00 ;
" 00 yy ¼ r 00 r 00 À b þ b 2 À 2br 00 ðr 00 À bÞr 003 y 002 ; ð18Þ
Eqs. (16)- (19) are same as in [24] . Similarly, the material parameters in region II have the similar form. Thus, the above results confirm the generality of we proposed design.
Given the anisotropic characteristic of material parameters in our proposed cloak, it is quite difficult to be obtained using natural material. Therefore, some feasible methods are to apply double negative material properties and negative conductivity to realize complementary cloak [25, 26] . Besides, some advanced technologies like e-beam lithography, and interference lithography have been used to fabricate electromagnetic devices, such as fishnet structure [27] , ferrite sheets [28] , and Split ring resonators [29, 30] .
Full wave simulation and discussion
We use Comsol Multiphysics which is based on finiteelement method to verify the validity of designed Eqs. (6)-(9) and (12)- (15) . The boundary condition of the simulation is set as perfectly matched layers (PML). A TE wave with the operation frequency of 2 GHz is propagated into the invisibility cloak from the left. To demonstrate this design is general, we chose two different size of the ellipse. Geometric parameters of two cases are shown in Table I . Fig. 2 shows the Ez field distribution of these two cases. We can see that the electric field can smoothly penetrate into the interior region of the cloak, and then recover its original path. The result means that the designed cloak has a good invisibility performance. Note that the axial ratios k from outside to inside are different, so this design is arbitrary for any shape object. Fig. 3 shows the field distribution curves for the different geometric parameters. In Fig. 3(a) , it can be found that the two curves exhibit a similar variation trend, and the Ez field value at y ¼ 0 is almost equivalent to that at the two edges. This is because the electric field at y ¼ 0 is "covered" by the invisibility cloak, which can bring about electric field loss in this section. The far field RCS curve is shown in Fig. 3(b) . By comparing the two curves, the result shows that the scatter of non-conformal cloak 1 is less than that of nonconformal cloak 2 in the far field. Therefore, we chose to use the non-conformal cloak 1 for the remaining validity tests of our design.
To verify the communication characteristics of the designed cloak, an elliptical object (" r ¼ 3, r ¼ 1), and a rectangle object (" r ¼ 2, r ¼ 3) are tested at ð0; 0Þ under a cylindrical wave irradiation. Fig. 4 shows the Ez field distribution for placing different objects. We can see that for the object without cloak, the scatter is apparent according to Figs. 4(a) and (c). However, the scatter becomes smaller with having cloak. Fig. 5 shows the far field distribution for placing different objects. Note that the far field is maximal at 0°. This means the scatter is strongest in this direction. Besides, main-lode and side-lode are reduced when having cloak. This indicates that the backscattering and forward scattering can be reduced by the designed cloak. The RCS distribution is shown in Fig. 6 . We can find that the object without cloak produces extremely larger RCS value than that with cloak. The results show the invisibility cloak can really reduce the scatter of the hidden object. In particular, we find that the designed cloak maintains a good invisibility performance even if the parameters of the hidden object change. This indicates the cloak works well even if without "anti-object." Also, we note that the axial ratios of the inner boundary and the outer boundary are arbitrary, such that it remains a good flexibility for any shape object. Fig. 7 shows constitutive parameters distribution in the complementary layer (region II). We can see that three components ð" 0 xx ; " 0 yy ; " 0 zz Þ of constitutive parameter have a highly symmetric characteristic with respect to x ¼ 0, and " 0 xy is symmetric about the origin of coordinates. Therefore, we only acquire half of material parameters, and the other half are obtained by rotating. By comparing Eqs. (6)- (9) and (12)- (15), it is observed these expressions have a similar form so that constitutive parameter distribution in cloaking shell is similar with that of complementary media layer. Computation is reduced by this method in order to material parameters are relatively easy to be obtained. To confirm the advantage of we proposed cloak, we chose a conformal cloak as comparison. The geometric sizes of conformal cloak are fixed (a 1 ¼ 0:12m, b 1 ¼ 0:3m, c 1 ¼ 0:09m), and other conditions are same as the proposed cloak. The comparison results are shown in Fig. 8 . It can be seen the distinction in the near field is quite small, and the difference of RCS value between conformal cloak and we proposed cloak is less than 1 dB. This indicates nonconformal cloak has a similar invisibility performance with that of conformal cloak. Also, we note that conformal cloak can be obtained by selecting appropriate axial ratio from non-conformal cloak, and it cannot adjust its size to contain a larger object so that the hidden object may overflow the cloaked region (region I). In other words, the scattering cross section of concealed object may become larger so that object inside conformal cloak is more possible to be detected by radar. Then, we consider the effect of the incident angle from 0°-90°. A TE wave at 2 GHz is tested at the selected incident angles of 0°, 45°, 90°(see Fig. 2(a) ). Fig. 9(a) , (b) show the Ez field distribution at angles of 0°and 45°, respectively. The results imply that the invisibility performance is affected by incident angles. Fig. 10 shows RCS distribution at various incident angles. We can see that the scatter is reduced as incident angle increases. And we note two curves for 0°and 45°fluctuate slightly at 0°-180°. Therefore, there is an invisibility performance even if the scattering occurs. Also, this design method can also be extended to a three-dimensional (3D) ellipsoidal case with having arbitrary axial ratio. A TE wave at 1.8 GHz irradiate along the positive direction of the x axis into the 3D invisibility cloak, as plotted in Fig. 11 . The results show that the electric field can be propagated into the interior regions of the cloak and back again. Thus, the invisibility ability and communication effect for 3D cloak are maintained without any negative impact, and it confirms the effectiveness of this design as well.
Conclusion
We have proposed a complementary elliptical cloak with arbitrary axial ratio based on transformation optics and complementary media. The design approach is basically applied to arbitrary shape object, and it can also be extended to a three-dimensional ellipsoidal case. A highly symmetric constitutive parameter indicates that it is relatively easy to obtain. In addition, the non-conformal cloak we designed is different from the external cloak which needs "anti-object," and conformal elliptical cloak, it can communicate with the outside world without any "antiobject," and keep arbitrary axial ratio so that the design is flexible for more complex object. 
